Abstract-Studying the system dynamics, this research is an attempt to understand and design the basic robot behavior, information system, and distributed cooperation strategies required by a group of cooperative behavior-based mobile robots for handling an object. A new concept to develop distributed cooperation strategies to carry a load is introduced. In this method, the task of transferring the object is divided into two independent executable subtasks: constraining and moving the load. Each subtask is assigned to a group of distributed mobile robots. Based on this idea (constrain-move concept), two distributed cooperation strategies to turn the object about a fixed point and to move it along a straight line are introduced. The constrain-move concept is generalized for lifting and lowering the object. It is noted that weight of the payload can be used by the robots as a natural constraint on the object. Utilizing this natural constraint, a distributed cooperation strategy and an information system to lift and lower the object are introduced. The coordination protocols are devised in such a way that the robots can control movements of the object using their own sensory information and some static data communicated between the team members. Simulation and experimental results are given to support the proposed approach.
I. INTRODUCTION
T HERE has been much research concerning multiple cooperative mobile robots [5] , robotic hands, and multiple manipulators [14] , [20] , [21] , [36] , [42] .
The key driving forces for many researchers to study cooperative object manipulating robots are the industrial needs and the desire to understand human abilities and its intelligent cooperative behavior (e.g., [13] ). Sophistication of the task from kinematics, dynamics, and control points of view must be added to these factors. In addition, implementation of the cooperative robots is regarded as a new approach to construct flexible and robust robot systems [2] .
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Publisher Item Identifier S 1042-296X(01)04806-6. assign one of the team members as the team leader and make the rest of the group follow it, e.g., [16] , [17] , and [35] . In contrast to these two architectures, a team of distributed robots 1 does not completely depend on a central unit or one of its members. Having this characteristic, the system could be made more fault tolerant when compared with centralized and leader-follower teams. Robot actions and the information required to execute the coordination protocol vary with complexity of the cooperation strategy. The coordination protocol can be simplified if a proper task allocation scheme is chosen and a suitable robot mechanism is designed [23] . Also, the system must be developed in such a way that the robots are less dependent on the complicated sensors and explicit communication [8] , [18] .
In this research, we are interested in studying a distributed group of nonholonomic mobile robots handling an object from its initial position to the goal (see Fig. 1 ). The robots suspend the object on its bottom face. In their way, the robots shall not turn the object over and must follow a specified path.
In our system, each robot has simple mechanism, sensory system, and behaviors. But as a team, the robots execute the complicated task.
In this paper, learning from mechanical systems, the Constrain-Move strategy for object manipulation is introduced from task distribution and task decoupling points of view. Using Constrain-Move strategy, simple and practical distributed cooperation strategies for dynamic reorienting and moving the object along a defined path are given. Then, using weight of the object, the proposed idea is generalized for constructing distributed object lifting protocols. In all strategies, the task mechanism and the robot hardware are exploited as the resources to simplify the system. Simulation and experimental results are also given to support the proposed ideas and to show the necessity of having compliant elements in the robot arms for executing these cooperation strategies.
The experimental system is introduced in the next section. A mathematical model of the object manipulation task with multiple robots is given in the third section. After that, related researches are reviewed and an overview of our approach is given in the fifth section. Based on the proposed strategy, two distributed strategies for object turning and moving tasks are developed in Sections VI and VII. Sections VIII and Section IX are devoted to extend our strategy for object lifting/lowering tasks. Simulation and experimental results are reported in Sections X and XI. A conclusion of this paper is given in the last section.
II. EXPERIMENTAL SYSTEM
A team composed of four robots (Ichiro, Jiro, Saburo, and Shiro) called 2 is developed (Fig. 1) . Each robot, weighing 2.7 kg each (battery included), has a T801 Transputer-based computer system and a broadcasting communication unit. The mechanical part consists of a nonholonomic mobile base, an arm, a lifting mechanism, and a compact end-effector.
The mobile part, 24 cm in length and 13 cm in width, has two driving-steering wheels and a caster. Orientation of each robot is measured by a combination of a compass and a gyroscope. Dead-reckoning method is used to calculate the position of the mobile base. The arm is connected to the mobile base through a rotational spring and an actuated joint.
To have enough degrees of freedom for this nonholonimic system, each robot arm is connected to the lifting mechanism through a prismatic joint (Fig. 2) . The prismatic joint system is composed of two sliders and two springs. The prismatic joint is driven by a lead screw. The compliant element in the prismatic joint has a higher stiffness value in the pushing direction than it does in the pulling direction. This simplifies control of the robot-arm interaction forces. The arm length is 16 cm when it is 2 Hamcar is a Persian word that means cooperative. The team member names mean first, second, third, and fourth son in Japanese, respectively. fully folded and it can be extended up to 22 cm. Deflection in the compliant elements are measured by rotational potentiometers.
The end-effector is shaped like a 90 angle (Fig. 2) . The bottom face of the end-effector goes beneath the object and its vertical face is against one of the object sides. The end-effector is connected to the lifting bolt through three free joints, those together are equivalent to a ball joint. These joint angles are measured by three potentiometers.
A. Kinematic Model of the Robot
The robots are controlled kinematically and it is assumed that the static and quasi-static forces dominate the mobile robot dynamics. Also, the arm is low weight and the object dynamics are dominant. Fig. 3 shows a kinematic model of the mobile base and the robot arm. The prismatic joint in the arm is not modeled here, because it is used just in some special cases. A coordinate system is attached to the mobile base at the center point of its axle ( ). The robot velocity ( ) is along the axes of the vehicle coordinate system. 3 denotes the angular speed of the mobile base. and are translational speed of the right and the left wheels, respectively. is the arm angle in the mobile coordinate system.
For the mobile base we have (1) and (2) Velocity of point in the world coordinate system is
By substituting values of and in (3) by (1) and (2) we have 
In the matrix from we have (6) where is the Jacobian matrix. There are some situations where the robot is required to push the bulky object in the arm direction (along the axis in the effector coordinate system) or change the arm-object angle without pushing or pulling the object. Mathematically, for the mobile-arm joint ( ) in the arm coordinate system ( ) we have (7) and (8) and (9) where and are two real and independent values corresponding to the desired pushing force and the required angular velocity of the arm around point , respectively.
III. MATHEMATICAL DESCRIPTION
In the next section, we will compare the basic ideas in different object manipulation schemes from the task allocation and the coordination points of view. Therefore, a simple mathematical model of the system is developed in this paper.
Assume we wish to turn a two-dimensional object 4 (Fig. 4 ) around point . The object is of mass and is its moment of inertia at its center of gravity about the axis with unit vector . In Fig. 4 , the robot-object interaction forces and torques are denoted by and :
, where is the number of the object manipulating robots. denotes the position of the th robot-object contact point in the object coordinate system. 4 We consider a two-dimensional system for simplicity of the discussions. Similar equations can be developed for a three-dimensional case.
The desired error function of the object configuration is defined as (10) where and and are the desired rotational damping and spring coefficients of the object, respectively. Then, to make the object angle follow its path, the net torque on the object must be 5 (11) We call this relation, (11) , the move equation.
Let and represent the acceleration of the object center of gravity and of point , respectively. Assume is the angular velocity of the object and . Then we have (12) The object can be turned around point D if this point is kept stationary at its initial position . 6 Assume the error function in position of point D is (13) where and and are two 2 2 diagonal matrices of the desired damping and the stiffness coefficients of the object around the initial position of ;
. Equation (12) shows that there is a nonlinear coupling between the rotational velocity of the object ( ) and if the rotation center and the mass center of the object are not identical. Therefore, to realize the path described by error function in (13) , the effect of the object rotation on acceleration of point must be canceled out. In other words (14) where . We refer to this equation as the constrain equation. After changing the desired path of point to a straight line and fixing the goal configuration of the object to its initial value, the above formulation also describes the dynamics of the system when moving the object on a straight line.
IV. RELATED WORKS
Cooperation strategies for object manipulation mainly differ in the level of distributability, dependency on the model of the overall system, nature of the system (being dynamic, quasistatic, or static), utilization of the system resources, the accuracy of object path following, and the volume of data to be communicated by the robots. Therefore, the existing strategies are discussed from these points of view.
A. Centralized Systems
The main concept of the centralized strategies is that the central controller calculates the desired wrenches on the object [(11) and (14) ] and the required internal forces to stabilize the robot-object contacts, e.g., [14] , [15] , [20] , [36] , and [42] .
In most of the centralized systems, all of the robots are engaged in both accomplishing object moving (11) and object constraining subtasks (14) , e.g., [20] . Therefore, theoretically, they have a high efficiency in accomplishing the task, as the system can be optimized when operating.
To simplify the calculations in some systems, task of a group of robots is constraining the object and the rest of them turn the load, e.g., [6] , [32] , and [33] . In these approaches, even though the task of the robots are different, yet the central unit must calculate the robot-object wrenches.
In some of the centralized systems, each robot arm has its own controller and executes a local feedback loop. In a group of these works, some parts of the central unit tasks are transferred to the robot arm controllers, e.g., [15] .
Regardless of the local controller tasks, all of the above-mentioned systems depend heavily on the central unit. Therefore, these systems are very vulnerable to failure of the central unit. In addition, a communication medium with high bandwidth is required in such systems.
B. Leader-Follower Approaches
Some researchers have proposed some leader-follower schemes to make decentralized cooperation strategies, e.g., [16] , [17] , [21] , and [35] . In these approaches, the collaboration and the coordination strategies are simplified.
Leader-follower systems are based on the idea that the leader moves its effector-object contact point on the defined path and the other robots follow the object while keeping their effectorobject contact forces in a defined ranges. In other words, the leader must constrain (11) and move (14) the object by itself.
In a leader-follower system, the possible wrenches to be applied to the object is restricted by the nature of the leader-object contact (i.e., joint, friction, or frictionless contact) and the maximum wrench that the leader can produce. Also, abilities of the follower robots are not utilized in the directions the leader is active. Also, to have a reliable system, we must have more than a would-be leader in the system which means a lower efficiency and a higher cost.
C. Some Other Schemes
The system presented in [11] and [12] is based on a combination of distributed and centralized architectures. In this system, the robots suspend a payload and carry it along a desired path. The object path planning and force distribution are done by one of the robots and some of the staff robots solve local kinematic and dynamic path planning problems.
In [1] , a semi-autonomous system to perform cooperative object handling tasks by a small team of human and robotic agents is introduced. The system architecture and the role of each agent are the main topics of this paper.
To move an object on a desired path, Brown and Jennings [4] divided the task into pushing and steering jobs and allocated each subtask to one mobile robot. Then, each robot executes its job while being compliant to the object movements. The system is quasi-static and there is no strict control on the object path. In addition, the robots must let the object slides on them, which is not practical for most of object manipulating systems, especially when the dynamic forces are present.
Mataric [19] proposed a synchronized turn-taking approach to show the effects of using direct communication in sharing tasks between two box pushing robots. Each robot also acts as a remote sensor for its teammate.
In ALLIANCE architecture [29] , [30] , a message broadcasting mechanism is applied to enable each robot to take a proper action at any moment.
In light of information invariants [8] , [9] , Donald and his colleagues [7] designed some quasi-static object manipulation protocols to control the object angle and its position in one direction.
Wang et al. [38] , [39] developed a cooperative behavior-based robot system for object manipulation (BeRoSH). There is no control on the object path.
Rus and her colleagues [32] proposed a quasi-static cooperation strategy to turn an object. In their method, one member of the team pushes the object against the stationary robots. The resulting torque makes the object to slide on the fixed robots and to rotate.
In their system, the object must slide on the robots, and turning the object around a defined point or moving it along a straight line is not possible.
V. AN OVERVIEW OF THE NEW APPROACH: A LESSON FROM MECHANICAL SYSTEMS
When designing a mechanical system, the first thing to consider is to arrange the bearings and fixtures to constrain the parts properly. In other words, the parts are free in the directions they are supposed to move and are fixed in the others. Having a properly arranged constraining parts, an actuator can move the system in the designed way. This means, the actuator is not concerned with constraining undesirable movements of the moving parts. Moreover, since the bearings can bear some undesirable wrenches, small errors in directions of the actuator forces are durable.
For example, when moving an object on a guide rail (Fig. 5 ), the object-rail interaction forces constrain the object so that it can only move along the rails.
In such situations, the main job is to control the object along its desired path in such a way that the interaction forces do not exceed their limits or a jamming does not occur. . To turn the object, the robots constrain it so that the desired rotation center does not move. It is like fixing some simulated (virtual) sticks to the object and jointing the sticks to some sliders moving inside a virtual guide.
The main concept of the proposed distributed cooperation strategy (Constrain-Move strategy) is to simulate the physical rules governing the systems mentioned above. In other words, the object manipulation task is divided into two independent subtasks. A group of the robots constrain the object along the constraint directions (14) and another team of them move the object in the desired direction (11). 7 Doing so, the coordination protocol can be simplified.
As an example, to turn the object around a point in a plane (Fig. 6 ), the robots must constrain the object in and directions and produce an appropriate torque around the object rotation axis-along its free direction. In other words, the robot-object interaction forces in the constraint directions shall make a force direction closure [22] on the object.
When moving the object on a straight line, the constraintmaking robots must make a torque closure on the object and immobilize it in the direction perpendicular to its desired path.
In this paper, it is assumed that the object is initially grasped by the robots. Each constraint-making robot measures the undesirable movements of the object and compensates them. These robots are compliant to the desired motions of the object. The task of the other team of robots is pushing the object to move it.
VI. A CONTROL STRATEGY FOR DISTRIBUTED REORIENTATION
As in Fig. 6 , the constraint on the object must be such that the dynamic forces of the object (14) can be canceled out by the constraint-making robots. Therefore, the constraint forces must span a force plane for a two-dimensional case.
There are different ways to place such constraints on an object. Among them, we are interested in those requiring minimum explicit coordination between the robot movements. In most of real world applications, the robots can only grasp the payload through a set of friction contacts. To have a stable friction con- Fig. 7 . Three robots (A, B, and C) with arm angle < grasp the object through friction contacts and make a force direction closure on it. Each mobile base is controlled such that the robot-object contact point does not move in the arm direction toward the mobile base. Robots follow the object in the other directions.
tact, the robot-object interaction force must always remain inside the friction cone.
In our robot system ( , Fig. 1 ), the object rests on the end-effectors. Therefore, each robot may pull the object toward itself as far as the contact is stable. But, in order to avoid resorting to sophisticated control systems, the robots are instructed not to pull the object.
In , the planer robot-object contact force, perpendicular to the robot arm, is the result of the mobile-arm joint motor torque. Therefore, if this joint is controlled as a free joint (zero torque joint), the robot-object interaction force will be along the robot arm. Therefore, main behaviors to stabilize robot-object contact are as follows.
• Do not pull the object == Zero stretch in arm spring by controlling the mobile-arm joint movement along the arm [first raw in (9) ].
• Zero torque at mobile-arm joint == Free joint.
• Keep the arm in the friction cone == Control arm-object angle by controlling the mobile-arm joint movement perpendicular to the arm [second raw in (9) ]. Hence, at least three robots are needed to immobilize the object center of rotation. 8 To make a force direction closure, as shown in Fig. 7 , the robot arm directions must intersect at the desired rotation center. Also, the angle between each pair of three arm directions ( ) should be smaller than 180 .
To constrain the object passively, the constraint-making robots are position controlled in their robot-side arm directions (called position controlled direction in Fig. 7) . To keep the constraint on the object when rotating it, the robots control their arm-object angle too. The main behaviors to make such constraint on the object are as follows.
• Keep robot-object angle at == control mobile-arm joint movements perpendicular to the arm [first raw of (9)].
• Do not move mobile-arm joint in the arm direction == resist mobile-arm joint movements in arm-mobile direction [ Fig. 7 and second row of (9)].
• Follow the object in the arm perpendicular direction (equivalent to keep robot-object angle behavior). Additional robots are required to turn the object. Like for constraint-making robots, these robots can only push the object along their arm directions. In [26] and [28] , it is discussed that, if we use a robot(s) to turn the object, the position of the object turning robot(s) must be decided so that it (they) can turn the object in both directions.
To make the initial system arrangement, 9 some geometrical information on the bottom face of the object is required, and we do not have to have an accurate model of the object. Knowing position of the object center of gravity, the system arrangement can be modified in a way that some dynamic load distribution indexes are improved. 10 Some equivalent sets of simple and basic information systems for the robots are given in [23] and [28] .
VII. A CONTROL STRATEGY FOR DISTRIBUTED OBJECT CARRYING TASK
In constrain and move strategy, the constraint-making robots must resist all movements of the object that are not along the desired path. Also, they must constrain the angular movements of the object (see Fig. 8 ).
A. Constraining Strategy
Considering the contact stability, at least three members of must cooperate to constrain the object (see Fig. 8 ). Two additional robots are needed to move the object along the path.
The constraint-making robots are arranged in such a way that their arms are perpendicular to the desired path of the object, means controlling arm-object angle at a designed value ( ). 11 Each robot moves its mobile base so that its contact point does not move in its arm direction. These two behaviors of the robots are equivalent to move the mobile-arm joint on a line parallel to the designed path, passing through the desired position of the mobile-arm joint, and control the arm-object angle simultaneously 12 (see Fig. 8 ). Therefore, the main behaviors to constrain the object are as follows.
• Keep robot object angle at degrees.
• Do not pull the object.
• Return the robot-object contact point on its defined path. Realization of these behaviors are similar to those explained in Section VI.
A strategy to reduce number of the object moving robots to four is introduced in [28] . 9 Supervisor-based, negotiation-based, and leader-follower systems are some methods that can be applied to find a proper initial configuration of the robots. 10 This is one of subjects to be studied. 11 Angle is decided on the basis of geometry of the object and the direction of the desired path. 12 In addition to the information each object turning robot needs, the robots must know the desired path. 
VIII. CONSTRAINING TO LIFT
As a part of their mission, the robots must lift up the object and lower it down at its goal position. When lifting or lowering the object, the main concern is keeping the object stable; i.e., preventing it from tilting much and consequently turning it over.
The concept of constrain and move can be directly used to fulfill the above requirement. The object could be stabilized if and only if the forces and torques tend to destabilize the object can be canceled out by the robot-object interaction forces. This condition can be satisfied if the robots constrain the object from its sides. This is equivalent to making some vertical flexible guides for the object and move it up and down (see Fig. 9 ).
In this system, the states of the object constrained by the robots are its roll, pith, and yaw angles. The XY position of the object is also confined passively. Vertical movement of the object is controlled by the lifting robots as long as the robot-object contacts are stable.
A. Implementing a Natural Constraint
At least four big robot arms are needed to constrain the object and a group of robots to lift it. Now we wish to remove the constraining arms from our system, in order to reduce the number and the complexity of the robots.
For lifting up, transferring, and lowering down the object, a group of cooperative fork lifting robots sustains the object on its bottom face [24] . It means that we can take benefit from gravity to partially constrain the object. Doing so, stabilizing the robot-object contact and controlling the robot-object interaction forces in a distributed fashion become much simpler.
The object inertial forces act to bring the object Euler angles to their stable values provided that the object ZMP (zero moment point) is inside the supporting area (see Fig. 10 ). In fact, these forces act like a nonlinear spring and produce the returning torques about the edges of the supporting area. In this strategy, the object lifting robots coordinate their motions so that the object ZMP remains inside the supporting area. This reduction in the number of the robots costs the lifting robots executing a distributed coordination protocol to fulfill the ZMP requirement.
IX. LIFTING AND LOWERING AN OBJECT WITH MULTIPLE ROBOTS
Based on the relative position of each robot to the object center of gravity (c.g.), the required force to lift the object may vary from one robot to another. Also, there is a possibility that some of the robots start lifting the object with some delay or stop working for some time. Therefore, the distributed cooperative object handling strategy must cope with such situations with minimum volume of inter-robot communication.
A. Assumptions
We make the following general assumptions for our system to be of some practical usage.
• Mass of the object and its center of gravity are unknown.
But, some very rough estimation can be made about the object weight and the possible area where its center of gravity lies. • Geometry of the object is known (a top view).
• When arranged, the robots can lift the object cooperatively. 13 • Robot-object contact is a friction-type contact.
• Each robot knows its own position and orientation.
• The object position and Euler angles are available to the robots.
• The maximum force each robot can apply is known.
• Robots are equipped with message broadcasting units.
B. A Mapping
As discussed, the object can be stabilized as far as its ZMP remains inside the supporting area. 14 Therefore, the first way to ensure the object stability is to measure the object acceleration and control it. This method in its original form necessitates implementing acceleration sensors and acceleration control.
Another way is that each robot measures its interaction force with the object and gains some kinematic information to decide what to do according to a distributed cooperation strategy. This method seems to be applicable for static systems, however, deeper considerations are needed before using it in a dynamic system. On the other hand, some force sensors must be installed in the robots and a force controller shall be used.
One of the assumptions that we made in Section IX-A is that some limits for the mass of the object and position of its center of gravity can be assumed. For an arrangement of the robots, knowing the maximum lifting power of the robots and using the lowest estimation of the object mass, maximum acceleration of the object can be calculated.
Therefore, a set of limits on the roll and pitch angles of the object can be found so that the ZMP remains inside the supporting area (see Fig. 10 ). Stability of the object can be ensured as long as the the object roll and pitch angles are smaller than these limits.
We have actually done a mapping by substituting the object acceleration with its Euler angles as the control parameters. This mapping is a function of the acceleration space to the configuration space. This mapping, conservative however, helps us to work with some kinematic information without neglecting the system dynamics.
Some compliance is provided at the end-effector (in the plane parallel to the object lower surface). Therefore, if the object tilt angle is small enough, there is no need for the robots to move while lifting or lowering the object.
C. Two-and Three-Dimensional Systems
To control the object tilt angle it in a two-dimensional space, each robot needs to know on which side of the object center of gravity it is located and in which direction the object has been rotated. Fig. 11 . Three robots lift the object in a three-dimensional space. Unlike a two-dimensional system, the direction and position of the rotation axis change according to the relative motion of the lifting robots.
The problem is much more complicated when the robots are not on a straight line-a three-dimensional case. This complexity is related to the fact that the direction of the rotation axis may change in such systems. The rotation vector is the function of the robots' relative velocity and position of their contact points (see Fig. 11 ).
Considering the above discussions, it is clear that the simple methods developed for two-dimensional object manipulating robots (e.g., [7] and [29] ) cannot be directly applied to object lifting/lowering systems.
D. Control Parameter
Difference in lifting speed of the lifting robots affects both position and direction of the instantaneous object rotation axis. Therefore, to control both roll and pitch angles of the object, lifting velocities of the cooperative robots must be controlled strictly. Coordinating lifting speed of the robots is a difficult task for a distributed team of robots without explicit communication, especially when the robots are working under different loads, some of the robots start operating with some delays, or halt their movement for a while.
Any angle sensor detects the target configuration in its coordinate system. Also, limits on the object Euler angles are usually defined in the object coordinate system. Therefore, the mapping function between each sensor and the object coordinate system must be known (see Fig. 12 ). But, when the roll and pitch angles of the object are small, the object tilt angle is measured as (15) when ( ) is the object roll (pitch) angle in th coordinate system and ( ) is the stable roll (pitch) angle of the object in the same coordinate system.
An interesting point about is that it is independent of the measuring system configuration. For most of the objects, zero pitch and roll angles ( ) is the referenced configuration. Therefore, if is kept smaller than its maximum permitted value (16) the object roll and pitch angles do not exceed their specified limits. 
E. A Distributed Cooperation Strategy for Lifting and Lowering the Object
To reduce the object tilt angle when it reaches its critical value, the robots must cooperate to turn the object around a suitable axis in a proper direction. Coordinating the robots to keep the rotation axis in an arbitrary orientation is a difficult task. The task would be simplified if the robots use some special rotation axis. In this work, these rotation axis are the lines connecting each pair of robot-object contact points.
The Cooperation Strategy: When lifting (lowering) the object cooperatively and the tilt angle of the object reaches its limit value, the robot(s) having the lowest (highest) contact with object moves upward (downward) faster, while the other ones stop. In this protocol, since all of the robots except the one(s) having the lowest (highest) virtual contact point 15 with object are stopped, the rotation axis of the object is aligned with one of the lines connecting a pair of robot-object virtual contact points. Fig. 13 shows three robots implementing the above cooperation strategy to lift or lower the object.
Stability of the proposed strategy is proved in [24] . 1) Information system: Each robot is required to know the object angle and check whether it is the lowest/highest robot. There are some equivalent sensory systems [8] to obtain this data. These information systems are discussed in [23] and [25] . Here under, we introduce the most applicable distributed information system in which the minimum static data communication is used.
Each robot is equipped with a sensory system measuring the object Euler angles in its end-effector coordinate system (Fig. 12) and calculates the object tilt angle. Also, having the object Euler angles and position vector of the other robots (all represented in its end-effector coordinate system, see Fig. 12 ), each robot can check if it has the lowest/highest virtual contact point with the object or not.
As far as the robot-object contacts are stable, the position of the robot-object contact positions are constant, when viewed from other robots end-effector. Therefore, each robot is required to broadcast its effector-object position in the world coordinate system only when initializing the system or when there is a considerable change in its contact position with the object. A full description of the implemented communication protocol is given in [10] .
F. Robot Controller and Behavior
A simple controller for realizing the cooperation strategy is designed. Organization of the robot controller is based on the subsumption architecture [3] . Fig. 14 shows the controller. In this architecture, the maintain contact module is the lowest competitive part working to keep the robot/object contact stable.
The accelerate behavior tries to apply more force to the object when it is activated. In other words, it is a wild behavior and tries to accelerate the object. In conjunction with other behaviors, this module enables the robot to work under different and varying loads.
To prevent the system from moving faster than a specified speed, the lifting speed of each robot is restricted by the third layer-do not go fast.
When the robot is close to its goal, the stop at goal module takes control and damps the speed of the end-effector.
The reduce object angle unit aims at keeping the object tilt angle smaller than the defined value. This module (Fig. 15) consists of three layers: hurry up, 16 slow down, and stay firm. When the object tilt angle is going to reach its defined limit and the robot is the lowest (highest) one, it accelerates. When a robot is not the lowest (highest) member, it reduces the motor command to stop. If the end-effector speed is going to become negative (positive), the robot stays firm.
Because of having dynamic interaction forces between the robots and the object, realizing stay firm behavior with imple- menting ordinary controllers is a hard task. But, stay firm can be realized easily if the lifting mechanism is not back-derivable. 17 
X. SIMULATION RESULTS

A. Object Reorientation
A series of dynamic computer simulations are conducted to verify the proposed cooperation strategy and study the effect of incorporating compliant elements in the robot arms. Fig. 16 shows the model used for the simulations. In this model, the object is a 0.5 0.3 rectangle of unit mass and moment of inertia. The constraint-making robots (A, B, and C) are located at (0.15, 0.05), (0.0, 0.25), and ( 0.15, 0.05), respectively. It is assumed that there is an error ( ) in orientation of robot B. Also, to observe the effect of this error on the re- sults, it is taken that the arm-object angles are constant when turning the object. The maximum force applied by the object turning robot (left-hand side robot) is set to . Fig. 17 shows the simulation results when the spring and the damping coefficient of the robot arms are 10 N/m and 500 Ns/m, respectively, and there is no error in orientation of the robot arms. The object center of gravity is located at (0.2, 0.2) m from the desired center of rotation.
Displacement of the desired center of rotation is quite small. Similar results were obtained for different positions of the object center of gravity. But, due to dynamic coupling between angular and linear movements of the object, some of the object instantaneous center of rotations are scattered around the desired one.
There are two main explanations for these center of rotations. When rotating the object, some robots must move forward or extend their arms to stabilize their contact with the payload. To keep constraining the object, these robots compensate their forward movement whenever the object starts pushing them back. When the robots move backward in their arm direction, velocity of their contact point can have a nonzero component in their arm-mobile directions. Therefore, during this short period, the restriction on the possible position of the object center of rotation is partially relaxed. Having limited stiffness in the robot arms is the second reason for getting such results.
In Fig. 18 , there is 2 error in the arm-object angle of the right-hand side robot. Since the object has a very high rotational stiffness in the clockwise direction, the left-hand side robot cannot turn the object in this direction. In this figure, locus of the object's instantaneous center of rotation is very dense around the desired center of rotation. It is discussed in [23] and [26] that, by showing a compliant behavior, a robot can cover its position error to some extent. In Fig. 19 , the spring and the damping coefficient of the robot arms are 1000 N/m and 50 Ns/m, respectively, and there is 2 error in the angle between the right-hand arm and the object. Compliance in each robot arm accommodates some considerable motion for its contact point in arm-mobile direction. Therefore, the jamming problem does not occur and the robots can rotate the object in both directions. Also, as the object's stiffness matrix has a component countering the clockwise rotations, some residual forces of small magnitude are observed.
Left-hand side figures in Fig. 19 shows the situation where the object is rotated 20 in the counterclockwise direction. Compared with the results in Fig. 18 , position of the center of rotations are more scattered around. Therefore, we have more vibrations in the object and a larger position error.
B. Moving the Object
A team of four robots are used to simulate the dynamic object carrying system. The physical parameters of the object and the robots are the same as in Section X-A.
Position of the robot-object contact points in the object coordination system, attached to the object center of geometry, are (all in meters) as follows: (0.15, 0.1), ( 0.15, 0.1), ( 0.6, 0.25), and ( 0.06, 0.25).
In the developed cooperation strategy, the arm is perpendicular to the designed path of the object. Also, the arm-object angle must be smaller than the friction cone angle (Fig. 8) . Therefore, there is a limit on the maximum angle of the desired path. Consequently, the robots may have to move the object to the goal in more than one step. A simple path planning method to find the via points and paths are given in [27] . The above restriction on the path of the object is related to the type of the robot-object contact. In other words, the robots can move the object on an arbitrary straight path if their contact with the object is naturally stable (e.g., joint contact) and the robot arms are sufficiently long. This condition on the length of the arm will also be lifted if the mobile bases are holonomic. Fig. 20 shows the robots when moving the object to its subgoal. The robots transfer the load to its final destination from there. 18 18 After stopping at the subgoal, the robots change their arm-object angle according to the requirements of the second portion of the object path.
C. Lifting/Lowering Task
A cube of 0.5 m 0.3 m 0.2 m size, resting on four threedimensional springs and dampers, is chosen as the object. Also, goal of each robot in the Z direction is set to 0.09 m above the ground. 19 Moreover, it is assumed that the maximum permitted object tilt angle and the maximum speed of each lifter are about 2.3 and 0.011 m/s, respectively.
A coordinate system is fixed at the object center of geometry and, its X axis is aligned with the long side of the object. XY coordinates of the robot-object contact points are located at (0.2, 0.13), (0.0, 0.13), and ( 0.2, 0.13), respectively. The lifting Fig. 20 . Because of having friction contact with the object, the robots are not able to move it to the goal directly. Therefore, they first transfer the load to an intermediate goal.
mechanism is assumed to be nonback-drivable and, to prevent excessive shocks on the system, a spring-damper unit is located between the fork and the lifting mechanism. Simulation results reported in [24] show that when the load distribution on the robots is relatively even, the robots are able to keep the object tilt angle in the desired range by controlling the maximum speed of the lifting actuators. Fig. 21 shows the simulation results when mass of the object is 8 kg and its center of gravity is located at (0.0, 0.05, 0.0) in the object coordinate system. In this simulation, load on the second robot is higher than on the others. Therefore, its teammates have to wait for it many times. In fact, the second robot is not able to suspend the object in the appropriate time. Hence, Reduce Object Angle behavior is activated many times to keep the object tilt angle in its safe region.
In the position curve of Fig. 21 , we can observe some delay in the upward movement of the first and the third robots after the object Euler angles are decreased. This behavior is due to nonback-drivability of the lifting mechanisms [27] . Fig. 22 shows the simulation results when mass of the object is 8 kg and its center of gravity is located at (0.04, 0.01, 0.0) in the object coordinate system. The results indicates that the robots successfully implement the coordination strategy and control the object tilt angle.
XI. EXPERIMENTAL RESULTS
The main goal of performing the reported experiments are to show the applicability of the proposed strategies and the detailed experimental data are not discussed here.
A. Object Transferring Task
In the first experiment, the constraining strategy for object reorientation is tested on robots. In this experiment, there is no robot to turn the object and the robots are expected to keep the desired center of rotation in the planned location.
In the second experiment, the total object reorientation strategy is tested. In the third experiment, the constraining strategy for object carrying task is tested when three robots constrain the object on a straight line and an external force is exerted on the object. The robots are expected to keep the object on its path. The last experiment is devoted to check the total strategy to move the object on a straight line in one direction. Fig. 23 shows the robots when constraining the object. As expected, the robots make a force direction closure on the object. Therefore, the system cannot resist the external torques but cancels all of the external forces out. 20 Some errors in position of the object center of rotation are observed. These are related to having error in controlling and initializing the robot-object angles, existence of compliance (software and hardware), presence of friction forces in the system, and error in dead-reckoning of the mobile bases. Fig. 24 shows when turning the object. In this experiment, three robots constrain the payload and the fourth one turns it. Fig. 25 shows the result of a simple experiment when three robots constrain the object to move it in the direction toward the camera. As desired, the object is free only along its desired path, and it is moved when a small force is applied. Fig. 26 shows the experimental result when a robot pushes the constrained object toward its goal. It is noteworthy that all of these experiments are done at least ten times and about 30% failure is observed when the length of the desired path is set to 1 m. The main reason for this problem is error in the dead reckoning data. To reduce this problem, we intend to improve our dead reckoning scheme by adding new hardware to the system and compensating the wheel slippage and systematic system errors.
B. Object Lifting/Lowering Task
A hard cover book of size 30 21 4 cm weighing 1.7 kg is chosen for the experiments. Successful experimental results when lifting uneven load distribution are given in [24] . In this paper, the results showing particular features of the system are reported. In these experiments, the robots are expected to lift/lower the object even when there are some delays or failures in the system.
Being able to communicate with the other robots through the environment is one of the main characteristic of the developed system. To show this feature, Saburo started lowering the object with 1.5-s delay (Fig. 27) . In this experiment, without having any information about delay in Saburo's start time, Ichiro and Jiro moved the object downward until the object tilt angle reached its assigned limit and waited for Saburo to correct the 20 The same response is observed when turning a crank. object tilt angle. After the object angle entered the safe region, Ichiro and Jiro resumed moving downward.
The system showed the same performance, say a simulated fault tolerance, under external disturbances. In this test, some external forces are applied to the system (Fig. 28) . Jiro stopped under these external disturbances, and Ichiro and Saburo continued their job as far as the object angle was in the safe area. Meanwhile, Jiro did its best to overcome the external force. When the external disturbance was removed, the robots continued to move the object upward.
XII. CONCLUSION
Learning from the mechanical systems, a new strategy, called constrain-move strategy, to decompose the object handling mis- sion into two independent subtasks is introduced. Based on the proposed idea, the cooperative robots passively constrain the objects in all directions but along the desired path and then move it.
In this approach, the object is free along the desired path and has small compliance (high stiffness) in the other directions. In fact, the resulting compliance is used to allocate the task to the distributed robots.
Using constrain-move strategy, two distributed cooperation protocols for a group of multiple mobile robots to reorient an object about a fixed point and to move it along a straight line are introduced. The cooperation strategies are designed in such a way that stabilizing the robot-object contact is simplified.
The robots implement a position control scheme to constrain the object. Therefore, any error in position of the rigid robots locks the object movement. This problem is solved by incorporating some mechanical compliant elements in the robot arms.
Constrain-move concept is also used to develop a distributed cooperation strategy to lift up and lower the object cooperatively.
It is discussed that the robots may use the weight of the object as the constraining force. Therefore, there would be no need for a group of robots to constrain the load, and consequently, the size and complexity of the object handling team can be reduced.
Ability of the system to operate under different and unknown loads and its fault tolerance, a direct result of communicating through the object, are demonstrated through computer simulations and experiments.
Our robots are controlled by behavior-based controllers, however, application of the proposed cooperation strategies is not restricted to such type of controllers.
We are currently working on generalizing the constrain-move concept to develop distributed cooperation strategies for carrying the object along an arbitrary path. In addition, we would like to feedback some force information into the robot controllers to improve their performance.
